Wettability of a solid by a liquid plays a key role in achieving the purpose of the process in moving bed-type reactors. In recent years, particle method has been proposed for the design of processes which include multiphase flows. Using this method, it is possible to analyze a free surface flow without explicitly tracking the interface. Although surface tension and wettability models using the particle method have already been proposed, the complexity of calculations of normal line and curvature of the surface particle has been pointed out as a problem. In this study, surface tension and wettability model were introduced in terms of interparticle potential, and theoretical and experimental verifications were performed for a 3-dimensional particle method which stabilizes the internal pressure distribution in fluids. The analytical solution for the droplet oscillation period by this method showed good agreement with the theoretical solution, and the surface tension between a gas and liquid could be calculated correctly. Because the difference in the number density of a liquid phase and solid phase becomes remarkable in a 3-dimensional space, a technique which corrects for this in particles at a three-phase interface was introduced. Time change in the droplet shape was compared with the experimental results by changing the droplet impact velocity to obtain agreement of the Weber number. It is considered possible to express the droplet shape correctly during rotating falling on a solid surface.
Introduction
In materials processing, the behavior of droplets in solid particle groups in moving bed-type reactors becomes an issue in some cases. For example, in wet granulation processes, localization of droplets to which solid particles have adhered and bonding/rupture of particles due to formation of a liquid bridge between particles have an important influence on particle properties. 1) In the ironmaking blast furnace, control of the solidliquid coexisting zone, where the sintered ore raw material melts in a packed bed, has a large influence on furnace permeability, and an understanding of its behavior is therefore important. 2, 3) Solidliquid wettability in such high temperature processes is determined by the interfacial energy balance between the solid, gas, and liquid phases. As measurement of gasliquid surface tension in high temperature fields is important for clarifying the relationship between the physical properties of the melt and wettability phenomena, measurements of surface tension in high temperature fields have been made widely, and much knowledge has been obtained by performing simulations of the distribution of liquid phases dripping in packed beds based on the physical property values obtained thereby. 4, 5) However, there have been few examples of analysis of wetting phenomena accompanying dispersion/bonding of droplets in packed bed processes from the viewpoint of hydrodynamics.
In recent years, new analytical methods have been proposed for the design of processes which include multiphase flows. The Volume of Fluid (VOF) method is a powerful tool which is widely used in dynamic simulations of droplet motion, and analyses have been performed by comparison with experiments. 68) Mousavi et al. carried out a Direct Numerical Simulation (DNS), which considered three-phase interaction forces in a particle layer using a mesh of smaller scale than the particles. 9) Analyses based on VOF and DNS involve few empirical formulae for physical phenomena, making it possible to investigate the phenomena in principle. However, the spatial scale is different from that in actual industrial processes because the object region of the calculations is spatially limited. Algorithms which enable coarse-scaling of the calculation space to a degree where the essential characteristics are not lost and analysis of the flow field at the maximum spatial scale given in the current computer environment are useful from the engineering point of view. The MPS (Moving Particle Semi-implicit) method is a particle method which was developed for analysis of incompressible free surface flows. 10) With the MPS method, only liquid phase motion, including the free surface as a dispersed phase, can be described with comparative ease without considering other phenomena. For this reason, application to process design, etc. based on a non-empirical understanding of phenomena is expected.
Surface tension and wettability models using the particle method have already been proposed. 11, 12) Many of these are based on the CSF (Continuum Surface Force) model proposed by Brackbill et al.
13) The CSF model formulates surface tension by assuming that a fluid is a continuum, and has been widely used in techniques such as the VOF method, among others. Although the CSF model was also applied to the MPS method by Nomura et al., 14) the complexity of calculations of normal line and curvature of the surface particle has been pointed out as a problem. Furthermore, it is not possible to calculate particle curvature, which describes a dispersed fluid, because the number of surrounding particles is insufficient. From the viewpoint of calculation cost, a model which does not depend on surface curvature had become necessary. Recently, a surface tension/wettability model using the interparticle potential in the MPS method was proposed to address this need. As one advantage of this method, complex calculations are not necessary because the model gives the surface tension between particles using the same algorithm as in the molecular dynamics (MD) method. 15, 16) However, although the relationship between interparticle force and interfacial energy has been shown theoretically by Kondo et al., 17) it is difficult to say that verification of the calculation results and theory has been performed adequately. Particularly in the particle method, the difference in the number density of the liquid phase and solid phase becomes remarkable in 3-dimensional spaces due to the problem of spherical particle distribution, and in many cases, this approach is limited to knowledge of 2-dimensional spaces.
If surface tension can be modeled by an interparticle potential model, this technique can easily be applied to a wide range of fields of large-scale systems. In addition to materials processes, these include chemical plants, ceramic filters, and nuclear power plants. Therefore, the aims of the present research are to develop this approach to a model which considers three-phase interfacial energetics, and to verify the computational accuracy of the model based on a comparison of the analytic/theoretical results for 3-dimensional space with experimental results.
Numerical Method

Moving particle semi-implicit (MPS) method
In the MPS method, a fluid is expressed by a finite number of individual particles, and the behavior of a continuum is tracked by the motion of those particles.
10) The governing equations are an equation of continuity for an isothermal incompressible flow which is described by Lagrangian coordinates and the NavierStokes equation.
where, v, t, μ, P,¯, g, F s are a velocity vector, time, density, pressure, a kinematic coefficient of viscosity, acceleration of gravity, and surface force, respectively. The differential operator is evaluated by the weighted average from information on surrounding particles. Weight is assigned to the strength of interaction using a weight function, which is defined as follows.
where, r e , r ij are the influence radius of the weight function and distance between particles, respectively. In this research, r e = 2.1l 0 was assumed, 18) where l 0 is the particle diameter. For normalization, the sum of the weight functions of neighboring particles is defined as the particle number density.
In incompressible flows, a standard particle number density n 0 in the initial condition is obtained assuming a uniform particle number density, and this is considered to represent the incompressible state. In the MPS method, discretization is performed as follows for the gradient, divergence, and Laplacian of an abitrary scalar quantity º and vector quantity u using respective differential operator models.
where, d, x are dimensionality and a particle coordinate. is a coefficient for obtaining agreement between the divergence of the variable distribution and the analytical solution.
An explicit solution to the particle motion equation is obtained from the governing equations by substituting the differential operators in the governing equations into the discrete model shown above. Because pressure remains as an unknown quantity, here, pressure is solved implicitly by introducing the Poisson equation so as to satisfy an incompressible condition. To maintain a smooth pressure distribution, in this research, a method which considers weak compressibility in the Poisson equation was adopted, and the following equation for the pressure gradient term was used for conservation of momentum.
18)
where, c, £, v*, n k l are the expansion ratio of the diagonal component, a relaxation coefficient representing volume conservation, hypothetical particle velocity, and particle number density in the next time step, respectively. In this research, c = 1.01 and £ = 0.01 were assumed. 18) For pressure calculation, the surface particle pressure is assumed to be 0 as the boundary condition. In conventional judgment by particle number density, particles in the flow interior are sometimes mistakenly judged to be surface particles. Therefore, in this research, judgment of surface particles is made using the neighboring particle number N i .
where, N 0 , ¢ are the standard neighboring particle number in an incompressible state and a coefficient for surface judgment. Physically, ¢ corresponds to the thickness of the interface. In the present research, ¢ = 0.85 was assumed from the viewpoints of calculation stability and accuracy. 18) As a solution method for simultaneous linear equation, the ICCG method (Incomplete Cholesky Decomposition Conjugate Gradient Method) was used.
Surface tension calculation model
Surface tension can be given as the work necessary to form an interface between dissimilar phases per unit of area. An examination of droplet behavior must consider a gasliquid interface and a solidliquid interface. In MPS method calculations for two fluids which include a gas, the pressure differential becomes large, and as a result, the pressure term in eq. (2) becomes excessive, making convergent calculation difficult. Therefore, in this research, the liquid phase is considered to comprise MPS particles, and a gas phase is assumed to exist in spaces where particles do not exist. In the model of surface tension between fluids at a free surface, the interparticle potential method proposed by Kondo et al. 17) was used as the basic model. Interparticle potential is defined as follows, and interparticle potential force is given by the space derivative of interparticle potential ºðrÞ.
where, C is the interparticle potential coefficient. In the surface tension/wettability model, r e st = 3.1l 0 was used for calculation stability. 17) Assuming that the interparticle distance does not change significantly due to surface formation, and considering the formation of two S L surfaces by separation of region A particles from region B particles, the liquidliquid potential coefficient C LL was obtained from the surface formation energy.
· 12 is the interfacial energy between a gas and a liquid. Here, the interfacial area is given as S L = l 0 2 . F S is the same form as the intermolecular interaction force used in the MD method. Accordingly, the surface tension for each particle can be calculated without considering the curvature of the free surface. Figure 1 is a schematic illustration showing, at different scales, the shape of a three-phase interface where a liquid phase is in contact with the surface of a solid phase. 19) As shown in Figs. 1(a) and 1(b), wettability is expressed quantitatively by the contact angle ª. In the present research, the macroscopic solidliquid interparticle force takes the same form as intermolecular interaction force, and its magnitude is given depending on the contact angle ª. Here, the contact angle ª is a macroscopic thermodynamic quantity and does not depend on the nature of the intermolecular force. Accordingly, at the molecular level shown in Fig. 1(c) , the macroscopic contact angle ª gives no molecular-level information on the shape of the surface. In the particle method, the contact angle ª can be given as a ratio of forces balanced in the vertical and horizontal directions at a threephase interface. As shown in Fig. 2(a) , Kondo et al. adopted a method which gives the interparticle potential force as the relationship of the gasliquid interfacial free energy · 12 and contact angle ª by way of Young's equation. 17 )
Wettability calculation model
where, · 23 and · 13 are the interfacial free energy between the solid and gas phases and the solid and liquid phases, respectively. A similar potential is also introduced between solid particles and liquid particles to express wettability. The necessary energy for separation of the solidliquid interface is given as follows, assuming equivalency of the interfacial areas S of the two phases.
When eq. (15) is substituted into eq. (16), the solidliquid potential coefficient C SL is obtained. 
In eq. (16), the solidliquid potential C SL is given uniquely by the potential C LL and contact angle ª of liquidliquid phases by expressing the difference between · 23 and · 13 , which are parameters that cannot be given experimentally, by the surface tension of the liquid · 12 and the wetting angle cos ª. However, this model does not reflect the horizontal forces between solid and liquid particles. Therefore, the contact angle is a parameter which simply expresses the ratio of the vertical force component to the surface tension of the liquid. Therefore, in this research, the authors introduced a concept of potential force which differentiates the interparticle force of the solidliquid interface and that of the solid gas interface, as shown in Fig. 2(b) . The difference in the number densities of the liquid phase and solid phase becomes particularly remarkable in 3-dimensional spaces. On the other hand, Kondo et al. posited the assumption of equivalence of the interfacial areas S.
17)
The interfacial area in interface separation is assumed to be constant. However, this assumption cannot be applied to gas liquid interfaces, where the interfacial shape changes, and also cannot adequately express the phenomena, in that it is not possible to consider the changes in the internal stress of the interface, including the solid phase. The concept of interface formation by separation of dissimilar phases is shown in Fig. 3 . The decrease in the droplet interfacial area during interfacial separation cannot be ignored, and it is necessary to compensate for this when considering a threephase interface. Assuming the values of the liquidliquid contact interfacial area S LL and the solidliquid contact interfacial area S SL are not identical, the following equation is materialized by particle arrangement.
Here, it is necessary to eliminate the disagreement between the particle number densities of the liquid phase and solid phase, in which liquid phase particles are affected by force in a three-phase system. If the following conditions are satisfied, S SL can be obtained numerically.
(1) In an interface of a certain thickness, the contact surface area ratio is equivalent to the particle number ratio. (2) The condition of incompressibility is strictly materialized, and the particle number densities of the liquid phase and solid phase at the solidliquid interface are constant.
where, w ¼ ij and ¼ are a weight function for judgment of a solidliquid interface and a symbol for expressing solid liquid or liquidliquid, respectively. Based on the above, the solidliquid potential coefficient for a three-phase system is corrected as follows.
Calculation algorithm
The programs used in this research are all original programs which were developed by the authors. The respective computer codes were written in Fortran90/95, and these were compiled by Intel Fortran compiler Version 11.1 on UNIX and then run. To reduce calculation time, parallel processing of the program code was performed by OpenMP. The CPU used in this work was Intel Xeon X5680 (3.33 GHz, 6 cores) © 2.
Results and Discussions
As physical verification of the model, the simulation results were compared with the theoretical or experimental results by the following procedure. Figure 4 shows a schematic illustration of the initial arrangement in the droplet motion simulation. First, droplet motion in a gas phase was compared with the theoretical oscillation period of a fluid with no viscosity. 20) Next, for wettability with the solid phase, the contact angle was compared with the result of an experiment in which a droplet was dropped on a horizontal solid surface. 21, 22) Finally, for dynamic droplet behavior, the contact angle was compared with the result of an experiment in which a droplet was dropped on a solid surface inclined at an angle of 60°. 23, 24) 
Droplet oscillation
Theoretical solutions exist for the oscillation mode and frequency under zero gravity. 25, 26) In a 3-dimensional system,
where, ½, s, and R are frequency, oscillation mode, and equilibrium droplet radius. Accordingly, the oscillation period T is given as follows: The simple and typical form which shows three-dimension has an oval sphere and a cube. In case s = 2, the vibration mode is axisymmetric oscillation of a droplet with an elliptical cross section, and the equation expresses a period in which the long and short axes are interchanged.
When s = 4, this is an oscillation mode in which the droplet cross section is square.
In analysis of droplet oscillation by the MPS method, it is necessary to clarify the dependency between droplet oscillation and spatial resolution, as the handling of the surface thickness for spatial discretization using particles and similar factors are considered to influence local motion. Therefore, droplet motion was analyzed for various cases with different particle numbers. The calculation conditions are shown in Table 1 . As shown in Fig. 4(a) , the initial arrangement of the droplet was cubic with a side length of L = 0.080 [m] . The liquid phase was water. For verification with the theoretical solution for the oscillation period, conditions of zero gravity, nonviscosity, and homogeneous melt were assumed. The time change in droplet shape calculated with 64000 particles is shown in Fig. 5 . The droplet shape changed from cubic to spherical as a result of oscillation and attenuation due to surface tension. Attenuation of the amplitude of oscillation occurred in spite of the fact that this is an inviscid fluid. This is attributed to the inherent viscosity in particles. 16) In comparison with the conventional MPS method, local changes are slight and the oscillation period is stable because pressure oscillation is suppressed. Figure 6 shows the change in the width of the droplet in the x-axis direction. Oscillation intensity showed smaller values as the number of particles was increased, that is, as the analysis was performed at higher resolutions. In a case with 8000 particles, a space error is large, and the error of an oscillating frequency becomes large. It is considered that the first period oscillation was the s = 4 mode, and this changed to the s = 2 mode after attenuation. Figure 7 shows the first oscillation period (time between short sides) for various surface tension coefficients, together with the theoretical oscillation period. As the calculated results show good agreement with the theoretical solution, it can be understood that the absolute value of the surface tension between the gas and liquid phases was estimated accurately using this model.
Droplet motion on solid surface
The solidliquid contact angle obtained in the droplet contact experiment using a solid surface was compared with the results of a simulation at the same scale. Here, as shown in Fig. 4(d) , the part containing the liquid at the angle formed between the solid surface and a tangential line drawn on the surface of the liquid at the point of intersection between the droplet and a horizontal solid surface under gravity was considered to be the contact angle ª. As shown in Fig. 4(b) , a spherical droplet was made to impact on a horizontal solid surface. To consider the dynamic behavior of the droplet, the impact speed U was changed so as to obtain agreement of the Weber number We.
Figure 8(a) shows a schematic diagram of the experimental apparatus. The droplet is dropped from a syringe, comes into contact with the solid surface, and after attenuation of oscillation, reaches a state of equilibrium. In this experiment, Table 1 Calculation conditions for droplet oscillation. the droplet was placed into contact with the solid surface gently so as to obtain We = 0.87. The static droplet shape was recorded with a camera. Water was used as liquid. Two types of solids were used, one being a Teflon laminate, and the other, a glass plate which had been degreased with methyl ethyl ketone. Based on this, the calculation conditions were set as shown in Table 2 , and acceleration of gravity was g = 9.8 [m/s 2 ]. Calculations were made changing the contact angle ª. Figure 9 shows snapshots of the droplet shape at contact angles of ª = 30, 90, and 150°. From impact until time t = 0.015 [s] after dropping, the droplet gradually spread in the horizontal direction, and its shape changed from spherical to oblate. After t = 0.020 [s], the shape remained substan- tially unchanged and the droplet achieved a stable state. In the case of ª = 30°, the droplet assumed a dome-like shape as the liquid film at the solidliquid interface contracted, whereas, in the case of ª = 150°, it demonstrated behavior resembling elastic deformation. Figure 10 shows the results of an experiment and simulation of the static droplet shape. The simulation results were compared at t = 0.100 [s], when the droplet had become sufficiently static. As shown in Fig. 10(b) , the apparent contact angle obtained with the conventional model which was calculated by eq. (17) is larger than the given contact angle. However, as shown in Fig. 10(c) , the contact angle can be expressed satisfactorily with the proposed model when ª = 90°. When ª = 30°, the wetting angle could be estimated correctly in comparison with that in Fig. 10(b) . In comparison with the experimental value shown in Fig. 10(a) , the contact angle is somewhat excessive, and minute wetting in the vicinity of the wall surface cannot be reproduced. This is attributed to the face that the MPS method cannot express events of smaller scale than the particle diameter, and thus cannot express thin liquid films. For high spatial resolution analysis of the phenomenon of wetting of a solid wall, further reduction of the surface particle thickness is necessary. However, when the object of interest is a large-scale industrial process, it can be thought that this model enables qualitative consideration of droplet behavior, even in cases where the number of calculation points forming the droplet is small. There is a possibility that Kondo et al. overestimated C LL , and as a result, 17) gave a poor evaluation of wettability, because the interfacial area of the liquid phase is comparatively large. Equation (21) rationalized balance of horizontal forces in consideration of the potential balance between liquid, solid and gas phases.
Gas
In order to compare the dynamic droplet shape with the experimental results, the droplet impact velocity U was changed so as to obtain agreement between the experimental conditions 22, 23) and the contact angle and Weber number. In this research, the comparison was made for We = 51. Figures 11 and 12 show the dynamic contact angle ª D , as defined in Fig. 4(d) , the ratio d/D of the wetting diameter (spread diameter) of the droplet relative to its initial diameter, and the ratio h/D of droplet height relative to its initial diameter, for the cases ª D = 17 and 90°, respectively. In both cases, the experimental results and calculated results showed very similar tendencies. On the other hand, differences occurred at the maximum wetting length (i.e., maximum value of d/D). This is considered to be an error which occurred because individual particles were evaluated as a minute wetting thin film when the droplet spread on the solid surface. Furthermore, the interparticle potential due to the dynamic contact angle is not considered. Although it appears that the concept of potential which was introduced in this research can correctly express the energy balance at a solid gasliquid three-phase interface, there is room for discussion regarding the quantifiability of interfacial energy for isolated particles and similar cases where the number of calculation points is small.
Droplet motion on inclined solid surface
The behavior of a droplet which was dropped on a solid surface with an inclination of 60°was analyzed. Figure 13 shows the 3-dimensional behavior of a droplet on an inclined solid surface, in which the droplet color represents time. In the case of ª = 30°, a liquid film extends out behind the droplet, expressing the phenomenon of wetting of the solid surface. This effect becomes greater with increasing size of the particles, which are the minimum unit of fluid volume in the MPS method. Because it becomes impossible to reproduce the minute separation of the trailing liquid film, there is also a strong need to consider a physical model of contact angle hysteresis from this viewpoint. Figure 14 shows a comparison of the droplet shape in the steady state as obtained experimentally and by simulation. The difference in the advancing and receding contact angles could be expressed in the simulation. Both contact angles are slightly overestimated in comparison with the experimental results. Figure 15 shows the time change in the velocity vector distribution in the vertical cross section of a droplet. It can be understood that the droplet spreads along the wall surface after impacting on the solid surface. At this time, its velocity increases in the direction of rotating falling due to the effect of gravity. On the other hand, at t = 0.025, a caterpillar-like rotating motion is reproduced in the back part of the droplet. This droplet behavior shows good agreement with the analytical results reported by Tanaka et al. 27) Thus, it is possible that the rotating mode seen in rotating falling on a water-repellant solid surface has been reproduced correctly.
Conclusion
Surface tension and wettability were considered in terms of interparticle potential, and theoretical and experimental verifications were performed for a 3-dimensional particle method which stabilizes the internal pressure distribution in fluids. The analytical solution for the droplet oscillation period by this method showed good agreement with the theoretical solution, and the surface tension between a gas and liquid could be calculated correctly. In comparison with the conventional particle method, local changes due to surface tension were slight because pressure oscillation was suppressed.
Because the difference in the number density of a liquid phase and solid phase becomes remarkable in a 3-dimensional space, a technique which corrects for this in particles at a three-phase interface was introduced. Droplet motion on a solid surface under gravity was compared experimentally. This research demonstrated that the solidliquid contact angle shows good agreement with the experimental results when compared with the conventional method, and the static contact angle can be calculated correctly using the proposed method. Time change in the droplet shape was compared with the experimental results by changing the droplet impact velocity to obtain agreement of the Weber number. The reproducibility of minute wetting films improves as the particle diameter decreases.
A simulation of rotating-type falling of a droplet on an inclined solid surface was also performed, and demonstrated that the proposed method is applicable to dynamic droplet motion. It is also considered possible to express the droplet shape correctly during rotating falling on a solid surface. However, for accurate calculation of the rotating velocity, it will be necessary to express the difficulty of droplet rotating falling by considering contact angle hysteresis.
